Stepping Test and the Babinski-Weil test are clinical assessments that presumably reveal unilateral vestibular hypofunction. However, abnormal performances on both of these two tests have been found in nondisabled individuals. This study compared measures of lateral and longitudinal displacements and body rotation for both tests, as well as the within-subject variability and test-retest reliability of the measures. In addition, correlations between hand and foot dominance and these measures were studied. Fifty young, nondisabled participants performed three trials of the 100-step Fukuda test and three trials of the Babinski-Weil test. The testing session was repeated 7 d later (retest). Lateral displacement, body rotation, and within-subject variability of these two measures were larger on the Fukuda than the Babinski-Weil test. No difference in test-retest reliability was found between the two tests, and a significant correlation was found between body rotation on the Fukuda test and score on the Waterloo Footedness Questionnaire. There may have been smaller variability in results of the Babinski-Weil test because it contains fewer steps (36) than the 100-step Fukuda test. Future research should compare tests with an equal number of steps; in the meantime, the Babinski-Weil test seems to have better psychometric properties than the Fukuda test, at least in nondisabled individuals.
INTRODUCTION
The clinical test battery to assess dynamic balance in patients with vestibular disorders includes the Fukuda Stepping Test and the Babinski-Weil test. The original Fukuda test consists of stepping on the spot 50 or 100 steps while blindfolded with both arms stretched straight forward [1] . The first version of the Babinski-Weil test requires that patients walk forward three steps with eyes closed and then backward three steps, repeated three times [2] . In most patients with unilateral vestibular hypofunction, final position is rotated relative to the initial position on the Fukuda [1, [3] [4] [5] [6] and Babinski-Weil tests [7] . These two tests are presumed to reveal unilateral vestibular hypofunction via unequal tonic labyrinthine influence upon ipsilateral skeletal muscles. In this case, loading on the right and left lower limbs would be unequal, with more loading on the side of hypofunction, as revealed by a shifted center of pressure toward the side of the vestibular lesion [8] . Asymmetrical lower-limb loading would lead to progressive body turning while stepping on the spot or walking without vision [9] .
The diagnostic value of these tests to detect unilateral vestibular disorders is questionable because both patients with unilateral vestibular disorders and nondisabled adults demonstrate rotation while performing these tests [2, [4] [5] [10] [11] [12] [13] [14] . For example, Hickey and colleagues found that 34 percent of 49 nondisabled adults turned leftward and 28 percent turned rightward on the Fukuda test [4] . On average, nondisabled adults turn 45° on the Fukuda test [11] and 21° on the Babinski-Weil test [2] . There is a need to further investigate test results in nondisabled individuals, especially on the Babinski-Weil test, for which very few data have been reported.
Clinicians compare a patient's performance results over time and use this as an index of change, notably of improvement. Therefore, the psychometric strength of within-subject variability and test-retest reliability is crucial when multiple performance results are being compared over time. In nondisabled adults, large variability in rotation was found when four trials of the Fukuda test were performed consecutively [9] . The average correlation for two consecutive trials of the Fukuda test was 0.62 for rotation [11] , which indicates a moderate correlation [15] . Regarding test-retest reliability, comparison of rotations on the 100-step Fukuda using a 24 h testretest protocol revealed a moderate intraclass correlation coefficient (ICC) of 0.52 [14] . Thus, psychometric qualities of the Fukuda test are medium at best. Our question is whether the Babinski-Weil test's within-subject variability and test-retest reliability, which have not been investigated thus far, are higher than those for the Fukuda test.
It has been suggested that direction of rotation on these two tests could be determined by the side of hand or leg dominance [16] . A significant but small correlation was found between footedness score and rotation on the Fukuda test (r = 0.26) [11] . However, no effect of handedness on rotation direction has been found for the Fukuda test [2, [11] [12] or the Babinski-Weil test [2] . We propose to further investigate and compare the possible influence of hand and leg dominance on these tests when performed by nondisabled adults.
The first aim of this study was to describe and compare the lateral and longitudinal displacements and body rotation obtained on the Fukuda and Babinski-Weil tests in young nondisabled adults and the within-subject variability of these measures. The second aim was to establish and compare test-retest reliability of these measures for both tests. The third aim was to test for correlations between hand and foot dominance and direction of lateral displacement and rotation for both tests.
METHODS

Participants
Fifty nondisabled adults participated in this study. They were 21 males and 29 females between 18 and 36 yr of age (mean ± standard deviation [SD] = 25 ± 4 yr) recruited from among undergraduate and graduate students at the University of Ottawa. Their height was between 1.55 and 1.92 m (mean ± SD = 1.72 ± 0.09 m), and their weight was between 43.0 and 94.5 kg (mean ± SD = 70.0 ± 13.7 kg). They had no previous history of dizziness, vestibulospinal disorder, or balance impairment or recent history of musculoskeletal injury to the lower limbs.
Experimental Procedures
Experimental sessions occurred in a laboratory setting in which auditory noise was avoided. Two testing sessions were performed separated by 7 d. During the first testing session, the Edinburgh Handedness Inventory [17] and Waterloo Footedness Questionnaire [18] were administered. At test and retest, the Fukuda and Babinski-Weil tests were performed.
For the Fukuda Stepping Test, participants were positioned at the start line and then, after donning custommade opaque ski goggles that occluded vision completely, stepped on the spot for 100 steps. They were in stocking feet and their arms rested comfortably at their sides. The Fukuda testing position of arms positioned in 90° of shoulder flexion was not used in order to avoid both upper-limb fatigue and any possible variation in arm position within and between participants. The instructions to participants were to stay at the start line while stepping at a comfortable pace.
For the Babinski-Weil test, participants wore the same opaque ski goggles and walked six steps forward (three gait cycles) and then six steps backward, repeating this pattern three times. Thus, a total of 36 steps occurred in a continuous manner. Instructions were to walk on an imaginary straight line and to end the trial as close as possible to the start line. As for the Fukuda test, they were in stocking feet. To prevent the participants from developing a sense of their final position and then attempting to correct their performance in subsequent trials, they were guided back to the starting point by an assistant through a complex pathway while still wearing the opaque goggles.
The first 31 participants performed three trials of the Fukuda test and then three trials of the Babinski-Weil test. This performance sequence was reversed for the remaining 19 participants.
Data Collection and Analyses
Hand dominance was determined with the Edinburgh Handedness Inventory, which gives scores between 100 and 100 [17] . Scores between 51 and 100 indicate righthandedness and scores between 51 and 100, lefthandedness. Mixed handedness is indicated by scores between 50 and 50. Leg dominance was established with the Waterloo Footedness Questionnaire [18] , which gives scores between 20 and 20. Scores between 11 and 20 indicate right-leg dominance and scores between 11 and 20 indicate left-leg dominance. Mixed leg dominance is indicated by scores between 10 and 10.
For the Fukuda and Babinski-Weil tests, final foot position was marked on the floor with a 20 cm-long piece of masking tape placed just in front of the two big toes after participants had put their feet together. Each mark was identified with the trial number. Three measures were taken from the marks, relative to the start line: lateral displacement in the x-axis, longitudinal displacement in the y-axis, and body rotation. Measures were taken with a ruler and a goniometer. Lateral displacements to the left and longitudinal displacements behind the start line were given a negative sign. Body rotation was the angle between starting line and final position line. Clockwise rotation (to the right) was given a positive sign and counterclockwise (to the left), a negative sign. Analyses were performed on signed values to allow comparison with previous clinical reports and on absolute values to better describe the extent of distance and rotation errors made by participants.
Statistical Analyses
All statistical analyses were performed with IBM SPSS Statistics 20 (IBM Corporation; Armonk, New York). For each subject, the three values of lateral and longitudinal displacements and body rotation were used for within-subject variability analyses and then were averaged for further analyses. Mild and extreme outliers were removed from the data set. SPSS identifies outliers using interquartile range, which includes 50 percent of the cases, i.e., third quartile (Q3) minus first quartile (Q1). Values 1.5 times the interquartile range below Q1 or above Q3 are defined as outliers. For signed values, 11 of 300 test and 10 of 294 retest values were removed. For absolute values, 9 of 300 test and 9 of 294 retest values were removed.
Proportions of participants were compared with chisquare tests. Dependent variables obtained for the Fukuda and Babinski-Weil tests were compared with paired t-tests or Wilcoxon signed-rank tests. For withinsubject variability, the three trials were compared with repeated measures one-way analysis of variance or Friedman tests. In addition, SDs of the three trials were calculated and then averaged. Mean of SD was compared between the Fukuda and Babinski-Weil tests with Wilcoxon signed-rank tests. Correlations among pairs of the three trials for both tests were assessed with Pearson r or Spearman rho statistics. Test-retest reliability of the three dependent variables obtained for the Fukuda and Babinski-Weil tests was assessed with paired t-tests or Wilcoxon signed-rank tests and average measures ICCs [19] . Correlations between Edinburgh Handedness Inventory scores or Waterloo Footedness Questionnaire scores and values of lateral displacement and rotation for both tests were determined with Spearman rho statistics. A probability of 0.05 or less was accepted as significant. Table 1 lists proportion of participants according to the direction of their displacements and body rotations. Null displacement was defined as less than 5 cm between final position and start line and null body rotation as less than 5° between final position and start line. A minority of participants, i.e., no more than 19 percent, had null lateral or longitudinal displacement or null body rotation on the Fukuda and Babinski-Weil tests. For each variable, the chi-square test revealed that the proportions of participants with negative, null, and positive values were not significantly different between the Fukuda and BabinskiWeil tests.
RESULTS
Test Results
Signed Values
For the Fukuda test, mean ± SD signed values were 15 ± 87 cm for lateral displacement, 84 ± 62 cm for longitudinal displacement, and 24° ± 71° for body rotation. For the Babinski-Weil test, mean ± SD signed values were 2 ± 43 cm for lateral displacement, 91 ± 63 cm for longitudinal displacement, and 1° ± 21° for body rotation. Because the dependent variables' variance was not homogeneous, Wilcoxon signed-rank tests were used for comparisons. Body rotation tended to be larger on the Fukuda than the Babinski-Weil test (z = 1.88, p = 0.06, r = 0.28). Figure 1 shows mean + SD absolute values obtained for the three dependent variables on both tests. Lateral displacement (z = 4.28, p < 0.001, r = 0.61) and body rotation (z = 5.84, p < 0.001, r = 0.85) were significantly larger on the Fukuda than the Babinski-Weil test.
Absolute Values
Within-Subject Variability
The three trials were used to investigate withinsubject variability. For each participant and each variable, mean and SD values of the three trials were calculated and further analyses were done on the SDs. Table 2 correlations that were found significant (p < 0.05) among pairs of trials. For the Fukuda test, these significant correlations (Pearson r for signed values and Spearman rho for absolute values) ranged from 0.34 to 0.81, and for the Babinski-Weil test, from 0.39 to 0.80. Spearman rho was used for absolute values because they were not normally distributed. 
Test-Retest Reliability
Correlations Between Dominance and Test Results
The mean ± SD Edinburgh Handedness Inventory score was 76.5 ± 42.9. Forty-two participants were righthanded (84%), seven were mixed handed (14%), and one was left-handed (2%). The mean ± SD Waterloo Footedness Questionnaire score was 8.2 ± 7.3. Twenty participants had right-leg dominance (40%), twenty-eight had mixed leg dominance (56%), and two had left-leg dominance (4%).
Scores on the Edinburgh Handedness Inventory and Waterloo Footedness Questionnaire were not normally distributed, and thus, Spearman rho was calculated to test for correlations. The only significant correlation was between Waterloo Footedness Questionnaire score and signed values of body rotation on the Fukuda test (r(48) = 0.32, p = 0.02). Table 5 lists outlier values obtained for each measure on the Fukuda and Babinski-Weil tests at test and retest. A total of 39 values out of 1,188 measures were outliers (3.3% of data set). Sixteen participants had at least one outlier value in their data set. A majority of them, i.e., 11 of 16, had only one outlier value. This includes when the 
Outlier Values
DISCUSSION
This study revealed four main findings. Firstly, measures of lateral displacement and body rotation were larger when participants were performing the Fukuda test than the Babinski-Weil test. Secondly, the within-subject variability of these two measures was larger on the Fukuda than the Babinski-Weil test. Thirdly, test-retest reliability was good and similar for both tests. Lastly, body rotation during the Fukuda test was correlated with leg dominance score on the Waterloo Footedness Questionnaire.
Test Results
Mean lateral displacement and mean body rotation (absolute values) were smaller during the Babinski-Weil than during the Fukuda test by 35 cm and 47°, respectively (p < 0.001). This difference in performance on the two tests was expected because the Babinski-Weil test involved only 36 steps, while the Fukuda test consisted of 100 steps. However, mean values of longitudinal displacement (forward displacement) were similar for both tests, i.e., 84 cm for Fukuda and 90 cm for BabinskiWeil. A forward displacement of up to 1 m has previously been reported for the 100-step Fukuda test with the arms stretched straight forward [1] . Arm position does not seem to be a factor in this forward displacement, Abs = absolute value, Longit = longitudinal, Part = participant number, Sign = signed value.
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because similarly large values were found when the arms were on the side [9] [10] . For the Babinski-Weil test, a final position in front of the start line was likely due to the use of a shorter step length during backward stepping than forward stepping. Stride length during backward walking at a preferred speed has been reported to be 78 percent of stride length during forward walking [20] . Thus, the three repetitions of forward-backward steps during Babinski-Weil progressively brought participants further and further in front of the start line. The results for lateral displacement and body rotation performed during the Fukuda test differ from previously reported studies. Our proportion of participants with left displacement (54%) was larger than the 25 percent found by Zilstorff-Pedersen and Peitersen [10] and left body rotation (59%) was larger than the 48 percent found by Previc and Saucedo [11] . The mean value of lateral displacement (absolute value of 76 cm) was larger than the 25 cm in observed by Peitersen [9] . Factors that may account for these differences are testing conditions such as starting body position, footwear, and ambient noise. Furthermore, we clearly explained in this article the specific instructions given to participants, which was not always the case in previous studies and may have influenced the results found elsewhere. Finally, our study identified the participants' leg dominance (right, mixed, or left), which was found to significantly correlate with the rotation results for the Fukuda test (see section "Correlations Between Dominance and Test Results" in the "Discussion").
Within-Subject Variability
Participants' performance over three trials was quite variable, but more so for the Fukuda than the BabinskiWeil test. Large within-subject variability has been a known characteristic of the Fukuda test [9] [10] [11] . Our results add to this body of knowledge; for instance, the SD of body rotation for the three trials of the Fukuda test is 45° on average (signed values). Significant correlations were found between body rotations on trials 1 and 2, trials 2 and 3, and trials 1 and 3 ( Table 3) , which confirms previous findings [11] . However, R 2 ranged from 0.23 to 0.50, i.e., low-to medium-level correlations [15] . This further indicates that the performance of participants was not consistent from trial to trial. This is a weakness for interpreting the test-retest results of a patient in a clinical setting, especially when only one trial of the Fukuda test is generally performed before and after a clinical intervention.
The Babinski-Weil test was found to have smaller within-subject variability than the Fukuda test for lateral displacement and body rotation ( Table 2) . It is likely that performance variability increases as the number of steps increases, and owing to the fact that the Fukuda test required three times more steps than performed during the Babinski-Weil test, its variability was larger. The results of this study support favoring the Babinski-Weil test over the Fukuda test in the clinical setting because of a better trial-to-trial consistency. However, within-subject variability of the Babinski-Weil test must still be considered quite large, possibly because walking without vision while trying to end up at a specific location requires complex cognitive and sensorimotor integration [21] . Changes in a participant's attention level from trial to trial, for example, could lead to different performances on the test.
Test-Retest Reliability
Mean values of lateral and longitudinal displacements and body rotation obtained at test and retest performed 7 d apart were not significantly different for both tests, except for absolute value of lateral displacement on the Fukuda test. ICCs ranged between 0.58 and 0.80, while a previous study found an ICC of 0.52 for body rotation on the 100-step Fukuda test [14] . Our higher correlation for this measure (ICC = 0.79) was likely due to our larger sample size (n = 50 participants) compared with Bonanni and Newton (n = 30 participants [14] .
Test-retest reliability of blind navigation performance is known to be modest. Distance and direction errors associated with walking without vision toward a previously seen target located 8 m away were not stable between test and retest executed 7 d later [22] . Specifically, ICC for body rotation on forward and backward blind navigation were 0.57 and 0.09, respectively. Because the Babinski-Weil test involved forward and backward walking without vision, there were no expectations that test-retest reliability would be high, i.e., ICCs above 0.80. Thus, ICCs between 0.64 and 0.80 (signed values, Table 4 ) indicate that its test-retest reliability is surprisingly good, which confirms an important psychometric quality of this test.
Correlations Between Dominance and Test Results
The results of this study support those previously reported [11] , that there is a significant correlation between body rotation (signed values) on the Fukuda test and score on the Waterloo Footedness Questionnaire, indicating that lower-limb laterality has an influence on the side of rotation during the Fukuda test. However, the effect size of this correlation was small [15] , because only 10 percent of body rotation was explained by Waterloo Footedness Questionnaire score. One factor that might explain weakness of this correlation is that 56 percent of participants had a Waterloo Footedness Questionnaire score between 10 and 10, indicating mixed leg dominance, while only 4 percent of participants had null body rotation on the Fukuda test (96% turned either on the left or on the right, Table 1 ).
Handedness was not correlated with any Fukuda or Babinski-Weil test results, as has also been reported elsewhere [2, 12, 23] . This suggests that hand dominance is not a factor in turning during stepping or in veering during walking without vision. For instance, no correlation was found between the direction of veering and handedness on blindfolded walking over a distance of up to 150 m [24] . In addition to this, the large within-and between-subject variability of the Fukuda test that we found could also explain the lack of correlation between these two factors.
Outlier Values
Performance on the Fukuda and Babinski-Weil tests was poor on infrequent occasions. However, such extreme results do represent a reality in this population and contribute to the questionable validity of these tests. Because similar observations have previously been made when young nondisabled participants were navigating without vision toward a target located 8 m away [22] , it suggests that any locomotion task without vision can be very difficult to execute for some individuals. This is likely because cognition and perception of sensations play important roles in these tasks. Thus, performance can be affected by various factors, such as perception of effort, sensations associated with displacement, or varying level of concentration during the tests.
CONCLUSIONS
The results of this study indicate that within-subject variability of measures was smaller during the BabinskiWeil than the Fukuda test. Furthermore, test-retest reliability of the Babinski-Weil test was found to be good. These test results and psychometric properties suggest that the Babinski-Weil test is superior to the Fukuda test, at least under the conditions of this study. Future research with nondisabled participants should compare tests in which an equal number of steps is performed. Finally,
